GaN-based planar Gunn diodes are promising terahertz sources for monolithic microwave and terahertz integrated circuits (MMICs and MTICs, respectively) due to high output power and easiness of fabrication and circuit integration. However, high lateral current in the 2DEG channel may lead to failures such as early breakdown and suppression of oscillations. In this paper, we will, for the first time, systematically investigate the thermal effect on DC IV and output RF characteristics of AlGaN/GaN hetero-structural planar Gunn diodes on different substrates including diamond, SiC, Si and sapphire. Our simulation results show that the best RF output performance comes with the devices on diamond substrate and no oscillating current is observed for devices on sapphire substrate. The suppress of Gunn oscillation in the device on sapphire is mainly due to the excessive heat generated in the channel that leads to increase of the dead zone and attenuation of electronic domains. These results will lay theoretical and experimental foundation for realizing not only milliwatt GaN-based terahertz semiconductor oscillators but also other power devices.
I. INTRODUCTION
Terahertz technology plays a significant role in the innovation of science and technology, and the development of national economy and national security. It has gained increasing attention and gradually occupied an important policy agenda [1] - [2] . Serious deficiencies of powerful terahertz radiation sources greatly restrict the development of terahertz and leads to terahertz as a "blank band" for a long term [3] . Recently, planar Gunn diodes as terahertz signal sources have been demonstrated and become a great potential for the sub-THz band applications, owing to its small size, low power consumption, high efficiency and low phase noise [4] - [5] .
GaN-based Gunn diodes show even greater potential due to the high breakdown electric field and high electron drift velocity, especially in the applications of high-temperature and high-power devices. Traditional Gunn devices are realized in vertical topology in which current flows through epitaxial layers which leads to high junction temperature and large package size [6] . On the contrary, planar Gunn devices in which current flows in parallel with epitaxial layers possess lower power density, better heat dissipation performance and higher working frequency [7] - [11] .
In principle, the output RF power of a GaN planar Gunn diode could be up-to several hundred milliwatts in terahertz band [12] . The extremely high two-dimensional electron gas (2DEG) carrier concentration of GaN heterojunction also allows rapid formation of narrower electron domains in ultrashort channels of a few hundred nanometers that greatly increases oscillation frequency [13] . Furthermore, the simplified structure and easy integration of planar Gunn diode is compatible with the monolithic microwave and terahertz integrated circuits (MMICs, MTICs). Therefore, GaN planar Gunn diodes are envisioned to be ideal terahertz radiation sources with high frequency and high power density in the band of 0.1 THz∼2 THz [14] .
Up to now, the quality of GaN material and device fabrication processes for power and optoelectronic devices have been significantly improved. However, there are still many challenges in realizing GaN Gunn diodes experimentally. At present, the reported Gunn effect observed in GaN experimentally are all achieved by using nanosecond pulsed voltage and high-speed oscilloscope to avoid heat generation [15] , [16] . The self-heating phenomenon is one of the most important factors of restricting the realization of GaN-based Gunn diodes. The high temperature within GaN planar Gunn diodes will lead to attenuation of the electronic domains, which thus inhibits the negative resistance effect and greatly reduces RF output characteristics, or even suppress the oscillations [17] . Therefore, it is necessary to reduce the influence of heat generation in GaN Gunn diode for high frequency and high voltage operation. However, until now there is little research in this regard.
Some experimental techniques can be potentially used to evaluate the thermal characteristics of GaN heterostructural devices, such as Raman spectroscopy, electrical measurement techniques, infrared IR thermal imaging, photoluminescence technique, thermo-reflectance thermography and infrared microscopy. However, those techniques are limited either by spatial or temperature resolution [18] . In addition, those techniques cannot measure the temperature distribution within the channel but the average temperature of the device. Numerical simulation is effective in this aspect because it provides a microscopic analysis on electron domain characteristics in the 2DEG channel and detailed distribution of the lattice temperature. In this work, we will study the thermal effect of the AlGaN/GaN hetero-structural Gunn diode on different substrates by using a TCAD simulator. Our results show that the heat generated in the AlGaN/GaN hetero-structural Gunn diode leads to increase of the dead zone and attenuation of electronic domains, which seriously deteriorate the output performance of the devices. Finally, we propose an optimized diamond substrate for minimizing the thermal effect and potentially realizing milliwatt GaN-based terahertz oscillators. In Section II, we introduce details of the simulation and the structure. In Section III, the results and discussion are reported. Conclusions are finally given in Section IV. 
II. SIMULATION DETAILS
Two dimensional thermal simulations have been carried out by using the commercially available TCAD Silvaco Atlas. To simulate thermal effect, the standard heat flow equation is used and coupled to the primary drift-diffusion equations for simulating the Gunn effect. The heat flow equation has the following expression [19] :
where c is the heat capacitance, ρ is the mass density, κ is the thermal conductivity, E is the electric field and j n · E is the joule heat generated by the electron current. Obviously, for a temperature time-invariant simulation, ∇T/∇t becomes zero.
To improve accuracy, all materials used in the model have temperature-dependent thermal conductivities, κ(T). The nonlinear thermal conductivity is modeled by employing Kirchhoff's transformation as:
where κ 300 is the thermal conductivity at 300 K and α is the temperature dependence coefficient. Other parameters for thermal simulation are provided in Table 1 [20]- [24] . Figure 1 illustrates the AlGaN/GaN hetero-structural planar Gunn diode investigated in this study. The active region consists of a 1.475 μm GaN buffer and a 25 nm Al 0.27 Ga 0.7 N barrier layer. Both layers are assumed to be unintentionally doped and have a carrier concentration of 1 × 10 15 cm −3 . A 5.5 μm Si 3 N 4 layer is deposited on the top of the Al 0.27 Ga 0.7 N layer to improve the electrical performance of the device and protect the device surface during processing. Four types of substrates namely, diamond, SiC, Si, and sapphire are analyzed in this paper. The channel length between drain and source contacts, L DC , is 1 μm. If not otherwise specified, the length of drain and source contacts is always 1 μm and the thickness of substrate is 18 μm. Although thicker substrate helps to counterbalance the strain from upper epitaxial layers, it degrades heat dissipation (as shown in detail later) and leads to serious self-heating problem. In addition, thicker substrate greatly increases computing time. Therefore, we set the thickness to be 18 μm which, in reality, can be realized by using either mechanical polishing or other chemical methods. The width of the device is 100 μm. The thermal boundary settings are as follow: (i) All surfaces except the bottom surface of the device are set to be adiabatic. (ii) The heat transport from metal contacts to external surroundings is ignored to simplify the calculation and avoid the non-convergence problem. This is a common practice in the simulation of thermal effect as described in [25] - [27] . (iii) The ambient temperature is 300 K. (iv) To model both radiation energy loss and heat loss in the substrate, the thermal resistance R th for different substrates is defined ( [30] .
III. NUMERICAL RESULTS AND DISCUSSION
Firstly, we investigate the thermal effect on current characteristics and global device temperature for different substrates under DC bias conditions. The simulation results are shown in Fig. 2 . It can be seen that the diamond substrate shows the best heat sinking capability because the device on-diamond shows the highest current and lowest global device temperature. On the contrary, the sapphire substrate reveals the worst heat sinking capability. When the bias voltage is 16 V, the global temperature of the device on-sapphire is about 732.26 K which is nearly 1.5 times higher than that of the device on-diamond. Fig. 3 represents the 2D lattice temperature distribution in the whole device on all four substrates and the inset in Fig. 3(d) shows temperature distribution of the channel region in the device on-diamond at 16 V. It is observed in Fig. 3 that the heat generated mainly concentrates in channel region. Because diamond has the highest thermal conductivity, the excessive heat generated in the channel can easily transfer to the bottom of the substrate and escape from the device; therefore, the overall temperature in the device decreases. The reduced channel temperature on the other hand reduces lattice scattering and thus the overall current is increased.
Secondly, we investigate how the thickness of substrate affects the global temperature and DC currents. The results are shown in Fig. 4 . Four different thicknesses 18 μm, 100 μm, 200 μm, and 300 μm for both diamond and Si substrates have been simulated. For device on Si, both the global temperature and the current change dramatically as increases of the thickness. All in all, 18 μm shows the best performance. Thinner substrate is also possible however we must consider its mechanical strength for practical handling. For device on diamond the global temperature increases as the thickness increases and the current decreases quickly for the thickness increases from 18 μm to 200 μm. Further increase of thickness from 200 μm to 300 μm only decreases the current slightly. Fig. 3 confirms further the excellent heat dissipation capability of diamond. The effect of the thickness of diamond substrate on Gunn diode is relatively smaller than the thickness of Si substrates, which allows the Gunn diode to operate at thicker diamond substrates. Even if the thickness of the diamond substrate increases to 300 μm, the device still generates higher current and lower operation temperature than the device on 18-μm Si.
Thirdly, we studied oscillation characteristics of the Gunn diode on different substrates and the simulation results are shown in Fig. 5 . Stable oscillations are observed in the device on diamond, SiC and Si. However, no oscillating current is seen in the device on-sapphire. This is mainly due to the excessive heat accumulated in the channel. We have also noticed that for devices on Si when the thickness of the substrate is greater than 100 μm Gunn domains are on longer able to form in the channel. However, the Gunn diode on 300-μm diamond shows better RF characteristics than the diode on 18-μm Si. Other RF results including oscillation frequency f, RF-to-DC conversion efficiency η and RF power P RF for devices on diamond, SiC and Si are shown in Table 2 . It is evident that due to the poorer heat sinking capability of SiC, and Si substrate, η and P RF drops greatly as compared with the device on diamond. This is because the electron velocity decreases as temperature increases, which results in the decrease of current as shown in Fig. 2 (a) . However, the frequency of the device on SiC and Si increases. To prove this, we have extracted electron concentration and lattice temperature profiles at the same time intervals during one oscillation circle from the Gunn diode on diamond ( Fig. 5 ) and from the diode on Si (Fig. 6 ). As illustrated in Fig. 5 , the dipole domain forms inside the 2DEG channel of the Gunn diode on diamond, and each lattice temperature peak corresponds to a domain. Temperature increases as the dipole domain grows; therefore, as the domain reaches the drain contact, the lattice temperature increases to its highest point. However, for the Gunn diode on Si, there are only small dipole domain formed near the drain contact and the lattice temperature peaks mainly near the drain contact as illustrated in Fig. 6 . The dead zone is greatly elongated due to the thermal effect. Thus, the actual travel distance of the domain is in fact shorten therefore the oscillation frequency is increased up to 895.1 GHz. However, the downside of the extension of the dead zone is the increase of the channel resistance which also results in the decrease of η and P RF . Based on the results above, we can conclude that it is an effective method to solve the thermal effect in the GaN device by fabricating the device on the diamond substrate. To realize the GaN HEMT on diamond, the most commonly used process is the technique of diamond substrate transfer [31]- [32] . We also study the effect of thermal resistance on the Gunn effect for devices on diamond substrate. The thermal resistance is an important parameter to estimate the lattice temperature of the device. In AlGaN/GaN heterostructural Gunn diode, the generated heat mainly transfers from the channel towards to the bottom of the substrate. The heat transfer capability of the substrate can be calculated by the equivalent thermal resistance R th . Lower R th can improve the device performance. R th mainly depends on the thermal conductivity of the substrate. The higher the thermal conductivity is, the lower the R th is. The device grown on diamond substrate has lowest thermal resistance (R th-diamond = 1.23 × 10 −8 m 2 K/W). The thermal resistance is affected by the lattice quality and varies significantly reported in the literature depending on measurement methods implemented. We therefore investigate how different R th may affect the performance of the Gunn diode. R th is swept from 1.23 × 10 −8 m 2 K/W to 4.23 × 10 −8 m 2 K/W with steps of 1 × 10 −8 m 2 K/W. The length of drain and south contacts are set to be zero. As seen in Fig. 7(a) , when R th increases, the current decreases. In theory, the temperature change of bottom surface of the substrate T is defined as: T = T − T 0 = P diss · R th , where: P diss = V DC · I DC is the DC power dissipated within the channel, T is the lattice temperature of the bottom surface of the substrate, T 0 denotes a reference temperature of 300 K. Based on the static I-V characteristics showed in Fig. 7(a) , we can work out the DC power dissipated P diss . Fig. 7(b) shows the temperature change T as a function of DC power dissipated P diss . The thermal resistance R th can be extracted from the slope of the curves in Fig. 7(b) as R th = d T/dP diss . It can be seen that the thermal resistance R th extracted by this method is in good agreement with theoretical values.
Finally, we compare the I-V characteristics and the thermal effect under DC and pulsed conditions for Gunn diode on diamond. Drain voltage pulse widths are 1 × 10 −10 s, 1 × 10 −9 s, 1 × 10 −8 s, 1 × 10 −6 s and 1 × 10 −4 s. The I-V curve without considering thermal effects is given in Fig. 8 (a) . As illustrated in the graph, drain currents show slight variations at smaller drain voltage, this is because the power generated is not high enough to heat up the channel; therefore the thermal effect can be ignored in this case. However, at higher drain voltage, drain current decreases as pulse width increases, but it tends to become stable. Without taking the thermal effect into consideration or as the pulse width t ≤ 1 × 10 −8 s, the I-V curves show obvious negative differential resistance effect, which weakens as t increases. When pulse width t = 1 × 10 −4 s, the I-V curve almost coincides with the I-V curve under DC condition, so does the global device temperature profiles as shown in Fig. 8(b) . Yilmazoglu et al. [16] observed a stable NDR region on the pulsed I-V curve at 40 ns pulse width for vertical GaN Gunn diode devices on GaN substrate, which further demonstrates that effective suppression of heat generation is a key for obtaining stable Gunn oscillation.
IV. CONCLUSION
The thermal effect on the performances of AlGaN/GaN hetero-structural Gunn diode on different substrates has been investigated using a numerical method. It can be concluded that the heat generation in the channel could be the key limiting factor for GaN-based Gunn diode. In order to realize stable GaN-based Gunn diode, it is necessary to effectively suppress heat generation in the channel or improve heat dissipation performance of the device. Diamond substrate with the highest thermal conductivity among all four substrates and therefore, the best DC and RF performance are achieved with the Gunn diode on diamond. The oscillation frequency f of 1 μm Gunn diode on diamond is as high as 236.8 GHz, with a RF-to-DC conversion efficiency of 1.167% and RF power of 37 mW. However, no oscillating current is observed in the Gunn diode on sapphire because the global device temperature exceeds 700 K. We also found that reducing thermal resistance is an effective method to suppress selfheating effect. The thermal resistances extracted from the Gunn diode on diamond are in good agreement with the theoretical values. Furthermore, we also prove that the narrow pulse width, e.g., nanoseconds help to reduce heat accumulation in the channel; therefore, to realize the GaN Gunn diode experimentally.
